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PROCESS CONTROL AND OPTIMIZATION
TECHNIQUE USING IMMUNOLOGICAL
CONCEPTS

FIELD OF TECHNOLOGY

[0001] The present mvention relates generally to process
control systems and, more particularly, to the use of optimi-
zation techmques for controlling and optimizing the opera-
tion of a process, such as an energy or power generation
process.

DESCRIPTION OF THE RELATED ART

[0002] Process control systems, such as distributed or scal-
able process control systems like those used in power genera-
tion, chemical manufacturing, petroleum processing or other
processes, typically include one or more process controllers
communicatively coupled to each other, to at least one host or
operator workstation and to one or more field devices via
analog, digital or combined analog/digital buses. The field
devices, which may be, for example, valves, valve position-
ers, switches and transmitters (e.g., temperature, pressure and
flow rate sensors ), perform functions within the process such
as opening or closing valves and measuring process param-
cters. The process controller receives signals indicative of
process measurements made by the field devices and/or other
information pertaining to the field devices, uses this informa-
tion to implement a control routine and then generates control
signals which are sent over the buses to the field devices to
control the operation of the plant. Information from the field
devices and the controller 1s typically made available to one or
more applications executed by the operator workstation to
ecnable an operator to perform any desired function with
respect to the process, such as viewing the current state of the
process, moditying the operation of the process, etc.

[0003] Process controllers are typically programmed to
execute different algorithms, sub-routines or control loops
(which are all control routines) for each of a number of
different loops defined for, or contained within a process,
such as tflow control loops, temperature control loops, pres-
sure control loops, etc. Generally speaking, each such control
loop 1ncludes one or more 1mput blocks, such as an analog
input (Al) function block, a single-output control block, such
as a proportional-integral-derivative (PID) or a fuzzy logic
control function block, and a single output block, such as an
analog output (AQO) function block. These control loops typi-
cally perform single-input/single-output control because the
control block creates a single control output used to control a
single process input, such as a valve position, etc. However, in
certain cases, such as 1n complex energy generation plants,
like coal burning power plants, the use of a number of 1nde-
pendently operating, single-input/single-output control loops
1s not very elfective because the process variables being con-
trolled are atlected by more than a single process input and, in
fact, each process mput may afiect the state of many process
outputs. In this case, using a number of single-input/single-
output control loops may lead to non-optimal control, result-
ing in the consumption of more raw material than necessary,
a lower quality product, more emissions than necessary, less
elficiency, eftc.

[0004] To overcome the deficiencies of single loop control,
a number of types of multivariable or multiple-input/mul-
tiple-output control have been developed which operate to
simultaneously produce a set of control signals from a set of
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process variables and set points. In most cases, these control
procedures rely on a process model of some kind to model the
process reaction to a given set ol inputs. One simple multi-
variable control method uses a mathematical model for the
process, such as a first order mathematical model of the
process model. However, it has been found that these theo-
retical models are simply not detailed enough to allow precise
or optimal control as the theoretical models do not account for
many of the variables which affect the process, do not account
for deterioration of the plant equipment, etc. Thus, none of
model-based control solutions which apply a strictly theoreti-
cal model (1.e., without the use of historical process data) have
been able to obtain precise or optimal control results.

[0005] Other multi-variable control methods use plant
models developed from historical data collected from the
plant itself to better model the plant as actually configured.
Examples of these plant based model control techniques
include model predictive control (MPC), and neural network
control. In the past, MPC and other types of advanced control
have been used to perform control i situations i which
changes to a particular controlled process variable affects
more than one process variable or output. Since the late
1970s, many successiul implementations of model predictive
control have been reported, and MPC has become the primary
form of advanced multivariable control in the process indus-
try. Still further, MPC has been implemented within distrib-
uted control systems as distributed control system layered
software.

[0006] Generally speaking, MPC 1s a multiple-input/mul-
tiple output control strategy 1n which the effects of changing
cach of a number of process inputs on each of a number of
process outputs 1s measured, and these measured responses
are then used to create a control matrix or a model of the
process. The process model or control matrix (which gener-
ally defines the steady state operation of the process) is
inverted mathematically and 1s used 1n a multiple-input/mul-
tiple-output controller to control the process outputs based on
changes made to the process mnputs. In some cases, the pro-
cess model 1s represented as a process output response curve
(typically a step response curve) for each of the process inputs
and these curves may be created based on a series of, for
example, pseudo-random step changes delivered to each of
the process inputs. These response curves can be used to
model the process 1n known manners. Model predictive con-
trol 1s known 1n the art and, as a result, the specifics thereof
will not be described herein. For example, U.S. Pat. Nos.
4,616,308 and 4,349,869 generally describe MPC controllers
that can be used within a process control system.

[0007] MPC has also been found to be an effective and
usetul control technique when used 1n conjunction with pro-
cess optimization. In this case, an optimizing function may
calculate the costs and/or profits associated with each of the
constramed or auxiliary (also called disturbance) variables to
operate at a level 1n which profit 1s maximized, costs are
minimized, etc. Measurements of these auxiliary variables
can then be provided as inputs to the MPC routine and treated
by the MPC routine as control variables having a set point
equal to the operational point for the auxiliary variable
defined by the optimization routine. More particularly, to
optimize a process which uses MPC, an optimizer may mini-
mize or maximize one or more process input variables deter-
mined by the MPC routine so as to cause the process to run at
an optimal point. While this technique 1s computationally
possible, 1t 1s necessary to select the process variables that
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have, for example, a significant impact on improving the
economic operation of the process (e.g. process throughput or
quality) to optimize the process from an economic standpoint.
Operating the process at an optimal point from a financial or
economic viewpoint typically requires controlling many pro-
cess variables 1n conjunction with one another, not just a
single process variable. Optimizing with the use of quadratic
programming techniques or more current techniques like
interior point methods has been proposed as a solution to
providing dynamic optimization with MPC. With these meth-
ods, an optimization solution 1s determined and the optimizer
provides the controller with moves in the controller outputs
(1.e., the manipulated variables of the process), taking into
account process dynamics, current constraints and optimiza-
tion objectives. However, this approach places a tremendous
computational burden on the controller and 1s not generally
very feasible at the current technology level.

[0008] Unifortunately, every control solution which uses a
process model developed from historical data requires asetof
parametric tests to be run on the process plant itself prior to
on-line operation of the process (1.e., using the control tech-
nique that relies on the process model) to develop the process
model inthe first place. Moreover, these parametric tests must
be re-run each time the process changes to update the process
model. Such tests 1n a power or energy generation plant may
take the form of, for example, tests of boiler operation at a
varied combination of control variables relating to the precise
mixture of air and fuel such as a combination of operating fuel
delivery and coal mill systems, opening of secondary air and
OFA (over fire air, which 1s an additional air source used to
reduce emissions on coal, gas and o1l fired boilers), burner t1lt
angles, etc. Thus, to obtain a useful model, various tests must
be run to obtain process response data at a large number of
combinations of the various possible process parameters.
Moreover, the number of required tests increases as the num-
ber of plant variables increases. Moreover, the usefulness of
the process model 1s constrained by the number and types of
tests performed when generating the process model, as the
process model may not be accurate outside of the process
operational conditions simulated with the test. In any event,
depending on the type of boiler and the number and type of
control variables that apply, the tests used to develop an
adequate process model can take several days, employing
large engineering measures and restricting production capac-
ity of the plant. Additionally, while the cost of the computer
equipment used to obtain and store the process model data 1s
insignificant, the cost of the time associated with having a
highly qualified engineering team perform and analyze the
tests can be significant within a power plant budget.

[0009] Stll further, there are difficulties with obtaining a
robust process model during the process mapping process, as
to be robust, the process model must cover the range of
process conditions that may occur when uncontrolled or
unaccounted for changes in the plant occur. For example, in a
combustion based energy plant, the combustion process typi-
cally changes with increased or prolonged boiler operation
due to the changes over time 1n the boiler operating param-
cters and the due to the deterioration of plant equipment. Of
course, 1t 1s difficult 11 not impossible to model or simulate
these changes (before they occur) when creating a process
model. Still further, historical based process model genera-
tion methods are not able to suificiently consider or account
for the changes of non-measured process values, or changes
in process parameters which are difficult to measure (due to
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the state of measurement technology) but which, non-the-
less, affect process operation. An example of such a process
variable in a combustion plant includes the quality parameters
of the coal used during the testing process, which parameters
are typically only determined 1n a laboratory once a day, and
are not therefore considered when defining the quality index
(used 1n the objective function for an optimization task) and
are not considered 1n modeling the content of the combustible
clements present 1n the slag and fly-ash (emissions) produced
as a result of the combustion process.

[0010] Itis believed that 1t 1s not actually possible to elimi-
nate the above mentioned drawbacks using the theoretical or
historical based process models currently available 1n known
process control techniques. Thus, a diflerent process model-
ing and control technique 1s needed, 1n which a process con-
troller operates etlectively 1n response to changing process
plant conditions and in response to unmeasured variables, but
which does not require a lot of tramning and modeling
expenses to create.

SUMMARY

[0011] An integrated optimization and control technique
performs process control and optimization using stochastic
optimization similar to the manner i which biological
immune systems work, and thus without the use of historical
process models that must be created prior to placing the
control and optimization routine 1n operation within a plant.
In particular, an integrated optimization and control tech-
nique collects various indications of process control states
during the on-line operation of the process, and stores these
process control state indications within a memory. Each of the
process control states may include, for example, a set of
process 1nput values and a set of process output values. The
process mput values may include process control 1nputs as
well as measured and unmeasured disturbance inputs, while
the process output values may include process variable val-
ues, such as steady-state process variable values which result
from the application of the process inputs to the process.

[0012] Durning steady-state operation of the process, the
integrated optimization and control technique attempts to
optimize the process operation (1.e., to move the process
towards a more optimal state or condition) by developing a
series ol sets of process control mputs to be provided to the
process. Generally speaking, the integrated optimization and
control technique develops the series of sets of process con-
trol mputs using the stored process control states, and the
series of sets of process control inputs are generally selected
or determined 1n an attempt to minimize (or maximize) an
objective function that defines a particular optimality criteria
to be used 1 optimizing the operation of the process. To
perform this function, the mputs (such as the disturbance
inputs) of the current process control state (1.e., the current
operating condition of the process) may be used to select one
or more of the stored process control states, and the series of
set of process control inputs to be delivered to the process may
be determined as a function of the process control mputs of
the selected process control states. In one embodiment, the
stored process control states having a set of disturbance inputs
that are closest or most similar to the disturbance inputs
associated with the current process control state may be
selected as the appropriate set of process control states to be
used 1 determining the series of sets ol process control
inputs. In another embodiment, one or more of the stored
process control states may be used to develop one or more
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mathematical models of the process, and the series of sets of
process control inputs may be ascertained using these process
models.

[0013] Additionally, the integrated optimization and con-
trol technique may respond to a significant change 1n the
current process operating condition by determining a new set
of process control inputs to provide to the process based on
one or more of the stored process control states. In particular,
the optimization and control technique may compare the dis-
turbance mputs of the current process control operating con-
dition, after one or more of these disturbance mputs experi-
ences a significant change, to the disturbance mputs of at least
some of the stored process control states to determine the one
or more of the stored process control states that 1s/are closest
to the new process operating condition. The integrated opti-
mization and control technique may then develop the new set
of control mnputs to be delivered to the process based on the
control mnputs associated with the one or more stored process
control states determined to be closest to the new process
operating condition.

[0014] Thus, in one embodiment, a process control system
for controlling a process includes a controller adapted to use
a set of target control signal values to produce one or more
process control signals for use in controlling one or more field
devices within the process, and an optimizer communica-
tively coupled to the controller and adapted to develop the set
of target control signal values. The optimizer may include a
memory for storing a plurality of process control states and an
optimization unit communicatively coupled to the memory
and adapted to use the stored plurality of process control
states to develop a series of target control signal values foruse
by the controller during steady-state operation of the process
to drive the process towards an optimal process operating,
condition. Moreover, the optimizer may include a change
detection unit that 1s responsive to one or more process inputs,
such as the disturbance inputs associated with the process, to
detect a change in a current process state condition. The
optimizer may also include a response unit that responds to a
detected change 1n the current process state condition by
selecting one or more of the stored plurality of process control
states and using the selected one or more of the stored plural-
ity ol process control states to produce a new set of target
control signal values for use by the controller in responding to
the change 1n the current process state condition.

[0015] Ifdesired, each of the process control states stored 1n
the memory may be defined by a set of process inputs (which
may be control inputs and measured and un-measured distur-
bance 1nputs) as well as a set of process outputs that result
trom the application of the set of process inputs. Thus, each of
the process control states defines the state of the process, and
preferably the steady state operational state of the process, in
response to a given set of process iputs. As a result, each of
the process control states represents or inherently includes a
model of the process at a particular time during process opera-
tion. If desired, the optimizer may include a model creation
unit that creates one or more process models, such as math-
ematical process models, from one or more of the stored
process control states. In this case, the optimizer may use the
determined mathematical process models to produce an esti-
mate of the process outputs based on a proposed set of process
control inputs, or may use the mathematical process models
to determine a proposed set of process control inputs that
should be used to produce a predicted or desired set ol process
outputs, given the current set of process disturbance 1nputs.
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Likewise, i desired, the optimization umt may include an
objective function and may use the objective function to
determine a comparative optimality of two or more process
control states to develop target control signals predicted to
drive the process towards an optimal process operating con-
dition. If desired, this objective function may be user-defin-
able to enable the optimality criteria to be changed.

[0016] Stll further, the optimizer may include a process
control state manager, which operates to control or limit the
number of process control states stored in the memory, to
thereby increase the efficiency or effectiveness of the opti-
mizer when the process has been operating for a significant
period of time. In particular, the process control state manager
may be programmed or adapted to remove one or more of the
stored process control states based on the length of time that
these process control states have been stored 1n the memory,
as older process control states may no longer accurately
reflect the current operation of the process due to changed
process parameters, degradation of plant equipment, etc.
Likewise, 1f desired, the process control state manager may be
adapted to remove one or more of the stored process control
states based on an indication or measure of the amount of
usage of the one or more of the process control states by the
optimization unit and/or by the response unit or based on an
optimality or quality factor associated for the process control
state.

[0017] According to another embodiment, a method of
controlling a process includes determining values for a set of
process mput and output variables at multiple times during
ongoing operation of the process to determine a multiplicity
of process control states, storing an indication of each of the
process control states, and when the process 1s not experienc-
ing a significant change 1n one or more process disturbances,
optimizing the operation of the process by periodically pro-
viding new control inputs to the process. In this case, the new
control 1nputs may be configured or may be determined to
move the process to a more optimal process control state as
measured by an objective function which considers or
weights both process control mnputs and process control out-
puts. However, when the process experiences a significant
change 1n one or more process disturbances, the method
determines a set of control inputs to be provided to the process
based on one or more of the stored process control states and
controls the process using the set of control inputs to move the
process towards a more optimal process control state in
response to the significant change 1n the one or more process
disturbances.

[0018] According to this method, determiming the set of
process control mputs to be provided to the process based on
the stored process control states may be performed by com-
paring the process control state of the process after the pro-
cess experiences a significant change in a process distur-
bance, to the stored process control states, and selecting one
or more of the stored process control states based on the
comparison.

[0019] According to a still further embodiment, a method
of optimizing the operation of a process includes determining
a multiplicity of process control states during ongoing opera-
tion of the process by determining values for each of a set of
process inputs and a set ol process outputs that result from the
set of process mputs being applied to the process to thereby
define a particular process control state. The method stores an
indication of each of the multiplicity of process control states
in a memory, and periodically determines a new set of process
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control mnputs to be used to control the process by predicting
the response of the process to a proposed set ol process
control inputs based on the stored process control states. The
method may further analyze the optimality of a proposed set
ol process control inputs using an optimality criteria that uses
both the proposed set of process control mputs and a set of
predicted process control outputs that result from applying
the proposed set of process control inputs to the process.
[0020] In accordance with another preferred embodiment,
a method of controlling a process includes determinming a
multiplicity of process control states during ongoing opera-
tion of the process by determining values for each of a set of
process mputs and a set of process outputs that result from the
set of process iputs being applied to the process to thereby
define a particular process control state. The method stores an
indication of each of the multiplicity of process control states
in a memory and monitors the current state of the process to
determine when the process experiences a significant change.
When the process experiences a significant change, the
method determines a set of control inputs to be provided to the
process based on one or more of the stored process control
states and controls the process using the determined set of
control mputs to move the process towards a more optimal
process control state 1n response to the significant change.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 1s a block diagram of a process control sys-
tem including a control module having an advanced control-
ler function block that performs integrated optimization and
control using the artificial immune system concepts described
herein;

[0022] FIG. 2 1s a block diagram of the advanced controller
tfunction block of FIG. 1 having an integrated optimizer and
controller; and

[0023] FIG. 3 1s a block diagram of an artificial immune
system based controller and optimizer, 1llustrating one man-

ner of implementing the mtegrated optimizer and controller
of FIG. 2.

DETAILED DESCRIPTION

[0024] Referringnow to FIG. 1, a process control system 10
includes a process controller 11 communicatively connected
to a data historian 12 and to one or more host workstations or
computers 13 (which may be any type of personal computers,
workstations, etc.), each having a display screen 14. The
controller 11 1s also connected to field devices 15-22 via
input/output (I/0) cards or devices 26 and 28. The data his-
toritan 12 may be any desired type of data collection umit
having any desired type of memory and any desired or known
soltware, hardware or firmware for storing data and may be
separate from (as 1llustrated 1n FIG. 1) or a part of one of the
workstations 13. The controller 11, which may be, by way of
example, the Ovation® controller sold by Emerson Process
Management Power and Water Solutions, 1s communica-
tively connected to the host computers 13 and to the data
historian 12 via, for example, an Ethernet connection or any
other desired communication network 29. The communica-
tion network 29 may be 1n the form of a local area network
(LAN), a wide area network (WAN), a telecommunications
network, etc. and may be implemented using hardwired or
wireless technology. The controller 11 1s communicatively
connected to the field devices 15-22 using any desired hard-
ware and software associated with, for example, standard
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4-20 ma devices and/or any smart communication protocol
such as the FOUNDATION® Fieldbus protocol (Fieldbus),

the HART protocol, etc.

[0025] Thefield devices 15-22 may be any types of devices,
such as sensors, valves, transmitters, positioners, switches,
ctc. while the I/0 cards 26 and 28 may be any types of /O
devices conforming to any desired communication or con-
troller protocol. In the embodiment 1llustrated 1n FIG. 1, the
field devices 15-18 are standard 4-20 ma devices that com-
municate over analog lines to the I/0 card 26 while the field
devices 19-22 are smart devices, such as Fieldbus field
devices, that communicate over a digital bus to the I/O card 28
using Fieldbus protocol communications. Of course, the field
devices 15-22 could conform to any other desired standard(s)
or protocols, mncluding any standards or protocols developed
in the future.

[0026] The controller 11, which may be one of many dis-
tributed controllers within the plant 10 having at least one
processor therein, implements or oversees one or more pro-
cess control routines, which may include control loops, stored
therein or otherwise associated therewith. The controller 11
also communicates with the devices 15-22, the host comput-
ers 13 and the data historian 12 to control a process in any
desired manner. It should be noted that any control routines or
clements described herein may have parts thereof 1mple-
mented or executed by different controllers or other devices i
so desired. Likewise, the control and optimization routines or
clements described herein to be implemented within the pro-
cess control system 10 may take any form, including sofit-
ware, lirmware, hardware, etc. For the purpose of this discus-
s101, a process control element can be any part or portion of a
process control system including, for example, a routine, a
block or a module stored on any computer readable medium.
Control and optimization routines, which may be modules or
any part ol a control or optimization procedure such as a
subroutine, parts of a subroutine (such as lines of code), etc.
may be implemented in any desired software format, such as
using ladder logic, sequential function charts, function block
diagrams, object oriented programming or any other software
programming language or design paradigm. Likewise, the
control and optimization routines described herein may be
hard-coded into, for example, one or more EPROMs,
EEPROMSs, application specific integrated circuits (ASICs),
programmable logic controllers (PLCs) or any other hard-
ware or firmware elements. Still further, the control and opti-
mization routines may be designed using any design tools,
including graphical design tools or any other type of software/
hardware/firmware programming or design tools. Thus, the
controller 11 may be configured to implement a control strat-
egy or a control and/or optimization routine 1n any desired
mannet.

[0027] In one embodiment, the controller 11 implements a
control strategy using what are commonly referred to as func-
tion blocks, wherein each function block 1s a part or object of
an overall control routine and operates in conjunction with
other function blocks (via communications called links) to
implement process control loops within the process control
system 10. Function blocks typically perform one of an input
function, such as that associated with a transmuitter, a sensor or
other process parameter measurement device, a control func-
tion, such as that associated with a control routine that per-
torms PID, fuzzy logic, etc. control, or an output function
which controls the operation of some device, such as a valve,
to perform some physical function within the process control
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system 10. Of course hybrid and other types of function
blocks exist. Function blocks may be stored in and executed
by the controller 11, which 1s typically the case when these
function blocks are used for, or are associated with standard
4-20 ma devices and some types of smart field devices such as
HART devices, or may be stored 1n and implemented by the
field devices themselves which may be the case with Field-
bus devices. While the description of the control system 1s
provided herein using a function block control strategy which
uses an object oriented programming paradigm, the control
strategy or control loops or modules could also be 1mple-
mented or designed using other conventions, such as ladder
logic, sequential function charts, etc. or using any other
desired programming language or paradigm.

[0028] As illustrated by the expanded block 30 of FIG. 1,
the controller 11 may include or implement a number of
single-loop control routines, illustrated as routines 32 and 34,
and may implement one or more advanced control loops,
illustrated as control loop 36. Each such loop 1s typically
referred to as a control module. The single-loop control rou-
tines 32 and 34 are illustrated as performing single loop
control using a single-input/single-output fuzzy logic control
block and a single-input/single-output PID control block,
respectively, connected to appropriate analog input (Al) and
analog output (AQO) function blocks, which may be associated
with process control devices such as valves, with measure-
ment devices such as temperature and pressure transmitters,
or with any other device within the process control system 10.
The advanced control loop 36 1s 1illustrated as including a
multivariable control block 38 having mnputs communica-
tively connected to numerous Al function blocks and outputs
communicatively connected to numerous AO function
blocks, although the inputs and outputs of the multivariable
control block 38 may be communicatively connected to any
other desired function blocks or control elements to receive
other types of mputs and to provide other types of control
outputs. As will be described further, the multivariable con-
trol block 38 may be an integrated control and optimization
block that integrates an immunological response to perform
optimized control of the process or a portion of the process,
which 1n this case may be an energy generation unit, such as
a coal burning power plant. It will be understood that the
tfunction blocks illustrated in FIG. 1, including the advanced
control block 38, can be executed by the controller 11 or,
alternatively, can be located 1n and executed by any other
processing device, such as one of the workstations 13 or even

one of the field devices 19-22.

[0029] FIG. 2 illustrates a simplified block diagram of a
controller 50 connected to a process 52, wherein the control-
ler 50 1s configured to respond to target control signals devel-
oped by an optimizer 54 to perform optimized control of the
process 52 using the immunological techniques described
herein. In particular, the process 50, which 1n this example
will be described as a power generation process (and more
particularly as a coal burning power plant), but which could
be any other process instead, recetves a number of iputs
including manipulated variable (MV) inputs (also referred to
herein as control mputs), measurable disturbance variable
(DV) 1nputs and unmeasured disturbance variable (XV)
iputs. As 1s typical, the process 32 operates based onthe MV,
DV and XV mputs provided thereto to produce process out-
puts signals or controlled variable (CV) signals. The actual
CV signals may be measured within the process 52 by, for
example, sensors such as flow, pressure, temperature, oxy-
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gen, opacity, etc. sensors, located at appropriate positions
within the process or plant 52. As 1illustrated 1n FIG. 2, the
controller 50 recerves an indication of the controlled variable
CV signals and the measurable disturbance variable DV
inputs, as well as a set of target mampulated variable signals
provided by the optimizer 54, and uses these signals to pro-
duce the manipulated variable (MV) signals, which are con-
trol signals that control the process 52. Generally speaking
the MV signals are produced by the controller 50 to drive the
process 52 to an optimal steady state operation, as determined
by predetermined optimization criteria provided to the opti-
mizer 54.

[0030] As will be understood, 1n a multi-variable control
situation, each of the manipulated, disturbance and controlled

variable signals MV, DV, XV and CV may be modeled as a
vector of signals, wherein:

[0031] MV=vector of controllable object inputs, where
MV={mvl, mv2...mvn};

[0032] DV=vector ol measured disturbances,
DV={dvl, dv2 .. .dvn};

[0033] XV=vector of non-measured or overtly unconsid-
ered disturbances, where XV={xv1, xv2, ... xvn}; and

[0034] CV=vector of process variable outputs, where
CV={cvl, cv2, ..., cvm}.

[0035] Inoneexample, such as in the case of the optimiza-
tion of flue gas emission 1 a power boiler, the MV vector
could include signals indicative of the degree of opening of
the dampers 1n a boiler, and the oxygen content 1n the flue gas;
the DV vector could include signals indicative of the boiler
load and the speed of coal feeders; the XV vector could
include signals representing or indicative of the calorific
value, humidity, milling quality, etc. of the coal; and the CV
vector could include signals indicative of the measured car-
bon monoxide (CO) content in flue gas, the oxygen content in
flue gas, steam temperature, etc. Of course each of these
vectors could include other signals and/or parameters when
used 1n a power boiler, as well as when used 1n other types of
processes, with the specifics of the process and the type and
nature of control that is desired effecting the determination of
the exact signals or parameters used in each vector.

[0036] Belore describing the operation of the controller 50
and optimizer 54 of F1G. 2 in more detail, 1t will be helptul to
generally describe the immunological response of a body, to
which the operation of the controller 50 and optimizer 54 will
be analogized. The purpose of the nervous system 1s to protect
an organism Irom pathogens, which may be viruses, bacteria,
parasites and other microorganisms that pose a threat to living
organisms. In fact, the basic functionality of the immune
system 1s to correctly detect and effectively eliminate patho-
gens, which are recognized by detectors, called lymphocytes.
The structure of the lymphocytes represents a certain direct
knowledge of the previous activities of the immune system
with respect to the introduction of other pathogens. When
viewing the structure of the immune system from the point of
view ol its usefulness for solving technical problems, 1t 1s
especially interesting to look at B-lymphocytes, which par-
ticipate in destroying pathogens using the antibodies pro-
duced by the lymphocytes themselves. As a result of recom-
bination of the genes comprising a given species of
lymphocytes, new, more ellective generations of lympho-
cytes and therefore antibodies are created. Thus, the immune
system evolves new lymphocytes over time 1in response to the
introduction of specific pathogens, and then remembers these
new lymphocytes 1n some manner to be used 1n response to

where
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the introduction of the same or similar pathogens in the
future. Because of this feature, B-lymphocytes not only
climinate the pathogens, but also participate 1n the process of
creating the immune memory, as every lymphocyte created
and stored within the body provides a different “set of tools™
for destroying pathogens. Of course, some lymphocytes can
be more effective than others 1n combating a particular type of
pathogen.

[0037] Moreover, in the organism, there are functioning
T-lymphocytes, which constitute the first line of defense, and
whose role1s to detect pathogens and to stimulate the creation
of the appropriate B-lymphocytes. The process of creating the
immune memory 1s then based on a selection and reproduc-
tion of the most eflective B-lymphocytes for a particular
pathogen. In fact, one of the characteristic features of the
immune memory 1s the existence of groups of cells of stmilar
properties. In other words, lymphocytes with similar sets of
tools are located very close to each other. Because of the
positioning of the lymphocytes, when the organism 1s
infected by pathogens, the defense action can involve an
accordingly large group of similar lymphocytes which may
be used or combined to produce new lymphocytes that oper-
ate effectively to destroy the pathogen.

[0038] Thus, as described above, the immunological sys-
tem has the ability to acquire and raise its qualifications
through learning and experience and can, 1n fact, develop new
abilities, or lose previously obtained abilities. These learning
and remembering features are generally well suited for solv-
ing various technical problems encountered in power engi-
neering as well as other branches of the process control indus-
try. In any event, as can be seen from the above description, a
characteristic feature of a biological immune system 1s 1ts

ability to constantly learn or adapt in response to the intro-
duction of pathogens. This process 1s connected with the
so-called “primary immune reaction” which i1s related to the
organism’s response to a new, unknown pathogen. Generally
speaking, the primary immune reaction corresponds to
searching for lymphocytes with the best set of tools, 1.¢., the
ones that best remove the threat. The primary reaction of the
organism 1s usually slow, because the organism needs time to
adapt or find and produce the lymphocytes which best elimi-
nate the unknown pathogen. However, after a successiul
defense operation, the memory of the pathogen does not
disappear, as the developed lymphocytes are retained.
Because of this “memory,” the reaction to a subsequent attack
of the same pathogen 1s much faster and more effective. This
reaction 1s the so-called “secondary immune reaction™ which
indicates that the immune system 1s equipped with the fea-
tures of an adaptive system.

[0039] Thus, as will be understood from the above
described features of the immune system and the description
of 1ts functions, the defense reaction of an organism 1s based
on the production of lymphocytes from an appropriate group
of stored or remember lymphocytes. However, in order to
successiully manage the lvmphocytes, their number cannot
increase 1nfinitely. Thanks to a competition mechanism, the
structure of an iImmune memory 1s self-regulating, 1n which
ineffective lymphocytes are removed, and new lymphocytes
are created 1n their place. A simplified mechanism of manag-
ing the population of lymphocytes 1s presented 1n equation

(1):

DDC=INC-DIC+RSC (1)
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wherein:

[0040] DDC—degree of diversity of cells;

[0041] INC—inflow of new cells;

[0042] DIC—death of metffective cells; and

[0043] RSV—reproduction of stimulated cells.

[0044] With this background 1n mind, the basic principles

of the immunological control technique described herein may
generally be analogized to the immune response of a biologi-
cal organism. However, 1t 1s first necessary to realize that each
steady state operating point or operating state of the process
52 of FIG. 2 can be uniquely identified or modeled by a
particular set of the vectors MV, DV, XV, CV, with these
operating states being referred to herein as process control
states. More particularly, based on the current condition of the
process 52 and the equipment therein, a particular set of
steady state MV, DV and XV 1nputs (which are the control and
disturbance 1mnputs to the process 52) will result 1n the process
52 producing a particular set of CV signals as process outputs.
Of course, the CV signals produced as a result of a particular
set of MV, DV and XV 1mputs may change over time as the
process equipment within the process 52 changes (e.g., dete-
riorates, experiences buildup of combustion byproducts,
etc.). None-the-less, each actually obtained set of MV, DV,
XV and CV signals uniquely stores, represents or 1s indicative
ol a model of the process 52 at the time that the process 52
experienced this particular combination of steady state sig-
nals and parameter values. Therefore, 1n analogizing to the
biological context, each particular set of the MV, CV, DV, CV
vectors or signals (1.e., each process control state) will be
referred to herein as a lymphocyte, which can be understood
to be a particular and previously experienced process steady
state operating condition.

[0045] As will also be understood, certain lymphocytes or
steady state process control states may be characterized as
being better than others, based on the criteria being used to
judge a good process result or operating condition from a bad
process result or operating condition. For example, a particu-
lar process control state or lymphocyte MV1, DV1, XV1,
CV1 may result in a large amount of flue gas emissions (as
measured by, for example, an opacity sensor) and may also
result 1n a low efficiency of combustion. On the other hand,
another process control state or lymphocyte MV2, DV2,
XV2, CV2 may result 1n a low opacity, but only average
eificiency, while a still further process control state or lym-
phocyte MV3, DV3, XV3, CV3 may result in a low opacity
and a high efficiency, which 1s the most desirable condition,
all other things being equal. When possible, 1t 1s therefore
desirable to move the process 352 to the third steady state
operating condition (process control state) represented by
lymphocyte MV3, DV3, XV3, CV3 when the process 52 1s at
the steady state condition represented by either of the first two
lymphocytes or process control states. This example 1s, of
course, simplistic 1n nature, 1t being understood that the tech-
nique of determining “good” and “bad” lymphocytes can be
performed 1n a more rigorous mathematical manner using, for
example, one or more mathematically defined optimization
criteria, such as those defined by objective functions within an
LP optimization technique. In particular, using an optimiza-
tion criteria that defines the preferred states of the vectors MV
and CV with respect to one anther as well as with respect to
desired operating points or set points, enables each lympho-
cyte or process control state to be assigned a quality factor.
[0046] Withthis understanding 1n mind, the immunological
based control and optimization technique may generally be
described as running the process 52 during normal operation
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and storing various different lymphocytes (MV, DV, XV, CV
vectors) actually detected during the operation of the process
52. At this point or during this time, the process may be
controlled 1n any desired manner using, for example, single-
loop proportional-integral-derivative (PID) control, multi-
variable control, etc. However, after a certain number of lym-
phocytes have been detected and stored 1n a memory, the
optimizer 54 may then elffectively optimize the steady state
process operating condition and additionally may quickly
respond to a significant change in the process mputs (e.g., to
a significant change 1n the process disturbance inputs DV and
XV) using the stored lymphocytes. In particular, when the
process 52 1s operating at a steady state condition (i.e., with-
out a significant change i the DV and XV vectors), the
control technique performs stochastic optimization to deter-
mine a “better” lymphocyte or operating condition of the
process 32 to thereby perform optimized control. Basically,
during this stochastic optimization technique, the optimizer
54 develops sets of new target control signals (target MV
signals) which the optimizer 34 provides to the controller 50.
The controller 50 operates using each of the provided sets of
target MV signals to control the process 52 in a manner that
allows the controller 50 to produce the target MV signals as
the actual MV signals being provided to the process 52. In one
case, the controller 50 may simply immediately use the target
MYV signals as the actual MV signals provided to the process
52. However, in many cases, the controller may 50 may need
to move the actual MV signals over time to match the target
MYV signals so as not to unduly upset the process 52 and so as
to prevent one or more of the process outputs or CV signals
from exceeding a limit due to the MV signal transition. In any
event, the controller 50 produces different control (MV) sig-
nals over time to reach the target MV signals and thereby
moves the process 52 to a new steady state condition.

[0047] The optimizer 54 may analyze or determine the
relative goodness or badness of this new process steady state
condition using an objective function 56 which may be one of
a number of objective functions selected by a user (as 1llus-
trated by the different objective functions 56 A, 568, ..., 36N
shown 1 FIG. 2). In this manner, a user may specily the
optimization conditions or criteria with which to evaluate
cach of the process control state or lymphocyte. Based on this
optimality analysis, the optimizer 54 may periodically deter-
mine a new set of target MV signals to use in reaching a
process control state that 1s predicted to be more optimal than
the current state, based on the selected objective function.
Here, each process control state 1s analogous to a B-lympho-
cyte described 1n the biological context. Of course, each new
process control state or lymphocyte determined during this
stochastic optimization process may be stored as a new lym-
phocyte for later use by the control and optimization system.

[0048] Moreover, when the process 52 undergoes a signifi-
cant change, as determined by a change to one or more of the
disturbance vectors DV and/or XV, the optimizer 54 begins
the process of determining a new optimal lymphocyte or
process control state at which to run the process 52 based on
the new set of process mput conditions. Such a change 1s
analogous to the situation in the biological context in which a
pathogen 1s introduced 1nto a biological system. In particular,
when such a change 1n the disturbance vaniables 1s detected,
the optimizer 54 first determines or attempts to predict the
best one of the set of stored lymphocytes to use as a result of
the process change, e.g., the new set of disturbance variables
(DVs). This feature 1s analogous to the operation of T-lym-

May 29, 2008

phocytes 1n the biological context, as this response represents
an attempt to determine which of the known or previously
experienced process plant conditions (lymphocytes) 1s the
best estimated starting point from which to respond to the new
process condition, 1.e., which lymphocyte 1s estimated to be
the closest to the as yet undetermined optimal operating point
of the process 52 and thus to be used as an 1nitial response to
the new or changed process input conditions.

[0049] It 1s important to note, however, that 1f the changed
process 1nput conditions include a set of mputs DV and XV
(the pathogen) which are significantly different than any set
ol inputs (or pathogen) which was previously experienced by
the process 52, the stored lymphocyte that1s determine to best
react to or control the process in response to such a new set of
iputs DV, XV may not be very optimal at all, which may
result i the optimizer 54 and controller 50 taking a longer
period of time to react to the process input change (pathogen)
in a manner that returns the process 52 to a steady state
condition, and from there to an optimal process operating
condition 1n response to the new set of process inputs.
Because the optimizer 54 and the controller 50 use the lym-
phocytes stored in memory to react to new process input
conditions, the larger the number of lymphocytes stored in the
memory, the better the optimizer 34 and the controller 50 are
able to respond to the process mput changes (i.e., to the
introduction of a new pathogen) 1n a manner that quickly
returns the process 52 to an optimal steady state operating
condition, as the more likely it 1s that the optimizer 54 will be
able to find a starting lymphocyte that1s “close’ to the optimal
lymphocyte for the new process iput conditions.

[0050] FIG. 3 illustrates an optimization system 70 that
uses the general principles discussed above to perform opti-
mized control 1n a process plant, such as 1n a power plant. In
particular, the system of FIG. 3 may be implemented as the
optimizer 54 of FIG. 2, or as a combination of the controller
50 and the optimizer 534 of FIG. 2 and, 1n either case, may be
implemented as the advanced control block 38 of FIG. 1.
Generally speaking, the system 70 uses immunological con-
cepts to control the process 52 i an optimal manner 1in
response to changing conditions within the process plant 52,
1.€., 1n response to changes 1n the measurable disturbance
variables (DVs) and the un-measured disturbance variables
(XVs).

[0051] As illustrated in FIG. 3, the optimization system 70
includes a stochastic optimization block 72, a DV change
detection module 74, a model retrieve module 76, a control
module 78 and a memory module 80 which includes a process
control state manager 81. Generally speaking, the system 70
operates 1n one of two different modes, including a stochastic
optimization mode and a regulation mode. The optimization
system 70 generally operates 1in the stochastic optimization
mode when the process 32 1s already 1n a steady state condi-
tion, e.g., when the DV and XV 1nputs remain constant or
nearly constant, and with a given set of MV control signals
producing a given set of process variable CV outputs.

[0052] During this mode of operation, the DV change
detection module 74 energizes or enables the stochastic opti-
mization block 72 to operate to develop target MV signals
(1.e., target control signals), as indicted by the position of the
switch 84 1n FIG. 3. The optimization block 72 performs
stochastic optimization by changing the target MV vector
slightly using, for example, any desired stochastic optimiza-
tion technique, and determining the change 1n the CV vector
as a result of this change 1n the control inputs. The optimiza-
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tion block 72 then analyzes whether better or more optimal
control 1s obtained by the new set of target MV signals based
on a preset or predetermined optimization criterion, such as
that defined by an LP objective function (which may be the
objective function 56 of FIG. 2.) During the stochastic opti-
mization mode, the stochastic optimization block 72 gener-
ally 1terates around a particular operating point or lympho-
cyte by changing the MV signals, the application of which to
the process changes the CV signals, 1n an attempt to deter-
mine a local optimal operating point for the process 52 in
which the DV and XV inputs are generally fixed or constant.
However, over the course of time, the stochastic optimization
block 72 may move to a non-local operating point that 1s more
optimal, again using any desired stochastic iteration tech-
nique. During this iteration process, each of the steady state
operating points or process control states (as defined by a set

of MV, DV, XV and CV vectors) 1s stored in the memory 80
as a lymphocyte for possible use 1n the future.

[0053] Here, 1t should be noted that while the CV, DV and
MYV vectors are generally measurable or known at the time a
particular lymphocyte 1s stored, the XV vector values of a
particular lymphocyte may never be known and/or may be
measured or determined at a later time and then stored 1n the
memory 80 at that later time. For example, an XV vector
variable indicative of coal moisture or other coal quality
parameters for the coal used in a power generation plant
(which quality parameters are typically determined by lab
analysis) may be determined after the coal has been burned or
used 1n a plant. Thus, the lymphocyte that results based on the
use of the coal (and other process conditions) 1s actually
determined and stored 1n the memory 80 prior to these XV
variables being determined or known. In these cases, the XV
vector values that are later known or determined may be
stored 1n the appropriate lymphocytes in the memory 80 at the
later time, and 1nitially may be stored as 1n indicator of spe-
cific measurement to be used, e.g., the lot number of the coal,
the time that the coal 1s used, etc. In some cases, an XV vector
variable may never be determined exactly, but a generic indi-
cator or placeholder for that XV vector variable may still be
stored simply for comparison to other lymphocytes (i.e., to
distinguish one lymphocyte from another in which the only
difference in the mputs may be one of the XV variables).
Additionally, one or more of the XV variable vectors may be
used 1n some cases, to determine whether a particular lym-
phocyte 1s optimal in some manner, such as compared to other
lymphocytes stored in the memory 80.

[0054] In any event, when the process mput conditions
change significantly, as evidenced by, for example, a signifi-
cant change 1n the DV and/or XV variables, the DV change
detection module 74 recognizes this change and causes the
optimization system 70 to enter into the regulation mode, by
providing control via the switch 84 to the lymphocyte retrieve
module 76. Generally speaking, the DV change detection
module 74 obverses the measured disturbance variables DV
and determines, based on significant changes 1n one or more
of these disturbance variables, when the process 52 1s under-
going or has undergone a significant change. If desired, how-
ever, the detection module 74 may observe other vanables
that indicate a changed process condition, such as a change in
one or more set points used 1 controlling the process, a
change 1n the objective function used to evaluate the process
optimization, etc. To implement this general procedure, the
DV change detection module 74 monitors changes 1n the DV
vector to detect changes 1n the process 52 which indicate a
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changed process condition significant enough to switch the
control system between the two operating modes, 1.e., from
the stochastic optimization mode (in which the DV vector 1s
generally at a steady state) to the regulation mode (in which
the DV change 1s occurring or has recently occurred). Gen-
erally speaking, the DV change detection module 74 serves
the role of a T-type lymphocyte 1n the biological context, as
the detection module 74 detects changes in the system (patho-
gens) and mitializes the “immune reaction.”

[0055] During the regulation mode, the optimization sys-
tem 70 operates to react to a change 1n the DV and or the XV
variables to find a new steady state operating point for the
process 52, as quickly as possible, from which to again per-
form stochastic optimization. In other words, during the regu-
lation mode, the optimization system 70 responds to changed
process conditions, 1.e., new DV and XV vectors, to deter-
mine a new operating point from which to perform process
optimization. To provide a quick response, the lymphocyte
retrieve module 76, once 1nitialized, determines and selects a
lymphocyte stored in the memory 80 that best fits the newly
detected process conditions, and then provides this lympho-
cyte to the control module 78. In particular, each of the lym-
phocytes stored within the memory 80 represent a previous
condition of the process 52 as actually measured or observed
during process operation. Thus, to drive the process 52 1n
response to a new set of mputs (1.e., the DV and XV nputs),
the lymphocyte retrieve module 76 searches the memory 80
for one or more previously stored lymphocytes which are
“close” to the new process condition, 1n terms of the DV and
XV vectors. Of course, this closeness may be determined,
measured or judged 1n any desired manner, such as using least
squares fit methods, regression analysis, etc. In any event, the
lymphocyte retrieve module 76 may compare the new DV and
XV vectors (to the extent the XV vectors are know) of the new
or changed process control state to the DV and possibly XV
vectors of at least some of the lymphocytes stored in the
memory 80 to determine-one or more of the lymphocytes
stored 1n the memory 80 that represent a previously experi-
enced process control state that 1s closest or at least close to
the new process control state (in terms of disturbance inputs)
and which may be an acceptable process state condition 1n
terms of optimality. The lymphocyte retrieve module 76 may
then provide these one or more lymphocytes to the control
module 78 which uses these lymphocytes to determine a new
set of target manipulated variables (target MV signals) to
provide to the process controller. The control module 78 may
simply use the actual MV signals of the one of the retrieved
lymphocytes, or may perform interpolation or some other
mathematical averaging function on the MV signals of mul-
tiple lymphocytes, and may also interpolate or otherwise
change the MV signals of the retrieved one or more lympho-
cytes based on the differences between the disturbance 1mnput
conditions of the retrieved lymphocyte(s) and the disturbance
input conditions of the new or changed process control state
to develop the new set of target MV signals.

[0056] Thus, the task of the lymphocyte retrieve module 76
1s to search the knowledge base for an optimal or best MV
vector, based on the current or newly detected DV, CV and
indirectly XV vectors to use in controlling the process 52. In
one embodiment, to perform this task, the retrieve module 76
searches the memory 80 for a lymphocyte which will be a best
fit for driving the process 52 to on optimal steady state con-
dition 1n response to the new DV and possibly XV vectors.
Once the lymphocyte retrieve module 76 determines an opti-




US 2008/0125881 Al

mal lymphocyte to use based on the previously detected lym-
phocytes stored 1n the memory 80, the module 76 provides
this lymphocyte to the control unit 78. The control module 78
then operates, based on the current set of CV, MV, DV and XV
vectors, to produce a target MV which can be used 1n the
controller 50 of FIG. 2 to move the process 52 to the new and
more optimal process condition. Of course, the ability of the
lymphocyte retrieve module 76 to determine a lymphocyte
that will cause the process 52 to move toward a new optimal
condition (1.e., an optimal condition 1n light of the new dis-
turbance vectors DV and XV) will be directly effected by the
number and variability of lymphocytes actually stored 1n the
memory 80. That 1s, generally speaking, the more lympho-
cytes stored 1n the memory 80, the better chance that a lym-
phocyte that 1s close to the new and as of yet undetermined
optimal operating condition, will be found. Likewise, the
greater the ranges of the various vector values within the
various lymphocytes that are stored in the memory 80, the
more likely 1t 1s that the optimization system 70 will be able
to find a stored lymphocyte that 1s “close” to the new and as of
yet underdetermined optimal operating point of the process
52 with the changed DV and XV disturbance variables. Using
a lymphocyte that 1s “close” to the new process condition, will
generally result 1n a quicker operation of the optimization
system 70 1n returning the process 52 to an optimal operating
condition (as defined by, for example, the objective function).

[0057] Of course, the control module 78 determines a new
target MV vector from the lymphocyte retrieved by the unit
76 and, 11 desired, this MV vector may be the MV vector of the
retrieved lymphocyte. However, this target MV vector may
not actually be attainable by the controller, as the DV and XV
vectors within the process operation may be different than the
DV and XV vectors of the lymphocyte retrieved by the mod-
ule 76. Thus, the control module 78 may perform multivari-
able iterpolation or may perform some other mathematical
operation to develop a new MV target vector from the MV
vector of the retrieved lymphocyte, generally based on the
difference between the DV and XV vectors of the current or
newly changed process control state and the DV and XV
vectors of the retrieved lymphocyte. Moreover, the control
module 78 may change the target MV vectors 78 over time 1n
response to process conditions or process measurements.

[0058] When the control module 78 has operated to move
the process 32 back to a steady state operating condition
based on the target MV vector produced by the control mod-
ule 78, the DV change detection module 74 may switch the
operation of the optimization system 70 back to the stochastic
optimization mode to enable the optimizer block 72 to deter-
mine a more optimal or better operating point. Thus, the
purpose of the lymphocyte retrieve module 76 and the control
module 78 1s to, as quickly as possible, return or drive the
process 32 back to an operating state that 1s near optimal or
that 1s at least acceptable, in response to a process upset or
change. Thereafter, the stochastic optimization block 72 may
operate, on a somewhat slower basis, to find a better or more
optimal operating point using stochastic optimization tech-
niques.

[0059] Moreover, 1t will be noted that the controller, such as
the controller 50 of FIG. 2, which receives the set of target
MYV signals and uses these target signals to control the process
52, may be any desired type of controller, such as a PID
controller, a fuzzy logic controller, a neural network control-
ler, an MPC controller, etc. In fact, the controller 50 may
implement a plurality of single loop control routines, 1n which
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case the target control signal vector (the target MV vector)
may include a target control signal value for each of the single
loop control routines. On the other hand, the controller 50
may implement a multiple-input/multiple-output control rou-
tine, in which case the target control signal vector (the target
MYV vector) may include a target control signal value for each
of the inputs or outputs of the multiple-input/multiple-output
control routine. Still further, as indicated above, the controller
50 of FIG. 2 may immediately output the target MV si1gnals as
process control mputs (in which case the control module
block 78 may operate as the controller 50), or may determine
an appropriate manner of moving from the current control
signals (MV signals) being provided to the process 52 to the
set of target control signals, so as to not unduly upset the
process 32 or cause one or more process outputs to exceed a
preset limit.

[0060] Itwaill be noted that, during operation, the stochastic
optimization block 72 may use the lymphocytes stored 1n the
memory 80 and one or more mathematical models stored in a
memory 86 to perform stochastic optimization. In particular,
the mathematical models 86 may be pre-stored in the memory
80 to represent general operations of the process 52. In this
case, for example, the mathematical models 86 may be first
order or first order plus dervative models, and may be used to
predict the operation of the process 32 1n responses to new
MYV signals. If desired, however, the mathematical models 86
may be developed from the actual lymphocytes stored 1n the
memory 80 during operation of the process 52. In this case,
for example, a different mathematical model may be devel-
oped from or constructed on the basis of a single group of
lymphocytes which are disposed close to one another 1n a
statistical sense. In either case, the mathematical models may
be used to assist the stochastic optimization block 72 1n devel-
oping new target MV signals 1n order to find a new or more
optimal operating point of the process, 1t being understood
that the mathematical models 86 may be used to simulate the
process operation.

[0061] It will be understood from this discussion that each
lymphocyte actually represents, in some manner, a process
operating condition or a snap-shot of a process model. How-
ever, the usetulness of particular lymphocytes may deterio-
rate over time as physical changes which are not represented
by any of the disturbance variables DV or XV or the process
variables CV occur within the process. Such changes can
include deterioration of equipment, buildup of combustion
by-products, etc. As a result, the memory 80 includes the
process control state manager 81, which operates to control or
remove lymphocytes from the memory 80, either when too
many lymphocytes are stored 1n the memory 80, or when 1t 1s
recognized that some lymphocytes may not be very good
indicators or representations of current process conditions.
Generally speaking, the memory or lymphocyte base may be
managed based on time factors (1.e., an indication of when a
lymphocyte was stored 1n the memory may be use to deter-
mine 11 the lymphocyte should be discarded from future use),
or based on use (1.¢., the number of times that a lymphocyte as
been used by the lymphocyte retrieve module 76 or the sto-
chastic optimization block 72), or both (e.g., the length of
time that a lvmphocyte has been used by the retrieve module
76 or the stochastic optimization block 72). Of course, other
criteria could be used instead or 1n addition to determine when
to remove a particular lymphocyte from the memory 80.

[0062] Still further, an example of an optimization algo-
rithm that may be used to minimize the objective function
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defined for the MV and CV variables and that may be used by
the optimizer 54 of FIG. 2 1s provided below 1n the form of
equation (2):

N,, (2)
J = Z lay - |lmvy —mvsp, | + by - (mvy, — mv&pka] +
k=1
Nﬂ
[cg - levy —cevsp, | + dy - (cvy — cvsp, )?]

k=1
where:
[0063] mv,—value of the kth element of the MV vector;
[0064] cv,—value of the kth element of the CV vector;
[0065] N_-—number of elements 1n the MV vector;
[0066] N_—number of elements 1n the CV vector;
[0067] mvsp,—set point value for kth element of the MV

vector,

[0068] cvsp,—set point value for kth element of the CV

vector; and
[0069] a,,b,, c,,d—weights of selected elements of objec-
trve functions.

[0070] Ofcourse, equation (2) represents only one example
of an optimization routine or criteria that could be 1imple-
mented 1n the optimization module 72 or the control module
78, 1t being understood that other optimization criteria could
be used instead, including other linear programming (LP)
optimization algorithms as well other non-LP types of opti-
mization algorithms.

[0071] Employing once again, the analogy to the immune
system, 1t will be understood that the value of the objective
function associated with any particular lymphocyte (i.e.,
steady state process operating condition) 1s reversely propor-
tional to the health of an organism. Thus, by minimizing the
objective function, the “good” condition of the organism 1is
maximized. In the optimization algorithm above, 1t 1s
assumed that each lymphocyte is defined by a set {MV,DV,
CV}, where CV is the measured reaction of the process to the
stimulation of MV, DV, XV. Moreover, each pathogen 1s a set

{DV, XV}. However, it must be remembered that the XV

vector includes non-measurable or overtly unconsidered vari-
ables, and thus the detection of the existence of a new patho-
gen 1s based on detecting the change of the DV vector. Thus,
applying the analogy to the immune system, the DV change
detection module 74 which detects the DV change, fulfills the
role of a T-lymphocyte 1n a biological system.

[0072] Using the analogy of the structure of a lymphocyte
and a pathogen, 1t 1s possible to discuss the manner 1n which
the optimization system 70 reacts to an unknown pathogen (a
new set of DV and XV vaniables), which represent the “pri-
mary reaction” of the artificial immune system to a process
change. As 1n a biological immune system, this primary reac-
tion will represent operation of the optimizer 70 for the initial
period of operation 1n response to a new pathogen, and will
correspond to the a learning phase 1n which the optimizer 70
learns an appropriate response. Thus, when the DV vector
changes, and no lymphocyte 1s found in the memory 80 which
would be suitable or “remember” how to react to a new
pathogen (1.e., the new DV condition) because there was no
lymphocyte in the memory 80 with a similar DV vector 1n
relation to the DV vector of the pathogen, the optimization
system 70 begins to search for an optimal solution using the
method of stochastic optimization. In this context, an optimal

10
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solution 1s an MV vector, which in combination with the DV
and XV vectors, produces a CV vector which minimizes the
objective function when applied to the set of MV, CV, DV and
XV vectors. Betore the optimal solution 1s reached however,
the optimization system 70 will carry out numerous tests
bringing the solution closer to the ultimate minimum of the
objective function. Every test of this kind produces a new
lymphocyte which may be stored 1n the memory 80, and so a
result of the primary reaction to a new pathogen results 1n the
stored base of lymphocytes increasing. Generally speaking,
the largest number of lymphocytes will be created around the
optimal lymphocyte 1n a vector space defined by MV, DV, XV
and CV, and thus, lymphocytes with similar features will be
concentrated “close” to each other 1n this space. This feature
makes the structure of the immune memory resemble an
idiotypical structure. In any event, this self-learning feature of
the artificial immune system and used by the optimizer sys-
tem 70 reduces or eliminates the need for qualified engineer-
ing personnel to conduct expert tests on a process, which
reduces the cost of installation labor.

[0073] Moreover, each concentration of lymphocytes of
this type may be used by the self-updating local mathematical
model unit 84 to produce a local mathematical model repre-
senting the operation of the process, at least 1n this region of
the vector space. These models may then be used in the
stochastic optimization mode for simulation/prediction pur-
poses and to define the distance between the pathogen and the
lymphocyte, namely to assign a group of lymphocytes which
should be used to eliminate or react to the pathogen. In one
case, the stochastic optimization block 72 may choose a
selected MV vector and use the mathematical models to pre-
dict the resulting CV vectors (given the DV and XV vectors
currently associated with the process), and then analyze the
optimality of this predicted solution using the objective tunc-
tion. On the other hand, 1f desired, the stochastic optimization
block 72 may select a proposed or desired set of CV variables
and use the models to determine the predicted set of MV
variables which when input to the process, will produce this
set of MV variables. The module 72 may then analyze the
optimality of this predicted process control state using the
objective Tunction. When the stochastic optimization module
72 determines a solution that is predicted to be more optimal,
it may provide the new set of MV variables as the target
control signals to the controller, so as to move the process
towards this predicted optimal point. Of course, the actual
process control state that results (which can be stored as a new
lymphocyte 1n the memory 80) may differ from the predicted
state, and so the module 72 may repeat operation to determine
a new predicted operating point that 1s more optimal.

[0074] As noted above, a pathogen is a set of vectors {DV,
XV}, If the structure of a pathogen did not entail the vector
XYV, the selection of the group of lymphocytes which should
be stimulated 1n response to a new pathogen would be based
on defining which group of stored lymphocytes has a similar
DV vector 1n relation to the pathogen. The additional vector
XV complicates this task, as the optimization system 70
cannot really recognize the value of XV vector elements.
However, the information within the XV vector 1s concealed
in the mathematical model constructed 1n the group of similar
lymphocytes as this model 1s based on the effect of this vector
on the process. As an example, assume that there has been an
attack of a pathogen, so the DV vector changed and perhaps
the vector XV as well (although that change may not be
known or measured). In response, the optimizer 70 chooses a




US 2008/0125881 Al

group of lymphocytes for which the reaction of a linear model
to the stimulation by the current MV vector 1s the closest to
the current CV vector. Thus, a substantial advantage of the
immunologically based optimizer described herein is its
covert use of information on the concealed disturbances XV
during the optimization of the process, such as the use of the
calorific value and the humidity of coal, quality of milling,
ctc. within a combustion operation of a power plant.

[0075] Gradually, that1s over time, the optimization system
70 will “learn” to react to most of the possible combinations
of vectors DV and XV. At this time, the secondary immune
reactions will dominate 1n response to a new pathogen,
wherein as 1n the case of a biological immune reaction, the
secondary response will be much faster and more effective
than the primary response. For example, 1f the system was
attacked by a pathogen, which is similar to a pathogen which
was already once defeated as a result of primary response, the
system will remember which lymphocyte 1t used to eliminate
the pathogen. In other words the system learned which vector
MYV gives the best results for a given DV, XV set. A secondary
defense reaction of the organism i1s to provide the object with
a set of MV varnables from the remembered lymphocyte
knowing that this MV vector should lie close to the optimal
solution. It 1s thus, a starting point of the stochastic optimi-
zation algorithm. Finding a new, optimal vector MV requires
conducting a much smaller number of tests than 1n the case of
the primary response. None-the-less, the conducted tests still
increase the immune memory of the system, so that the sys-
tem learns further how to effectively defeat pathogens. This
sort of learning represents a perfecting of the basic knowledge
acquired during the course of the primary reaction and
updates the system 1n response to undetected changes in the
process, such as process equipment deterioration.

[0076] Thus, 1t will be understood that the above described
stochastic optimization 1s based on conducting tests during
the ongoing or on-line operation of the process. Because each
test 1s an observation of the output of a CV vector, as a result
of changes of the MV vector, these changes are not purely
random. Moreover, during the process of searching for the
mimmum of the objective function, 1t 1s usetul to employ a
mathematical model constructed on a group of lymphocytes
with similar features. It should be remembered that, 1n order
for the pathogens to be quickly and effectively eliminated, 1t
1s enough 11 they are similar to those which once attacked the
system. Thus, as aresult of an optimization procedure starting
from one group of lymphocytes, a new group may be created.
It will be seen that, if the system 1s to correctly react to
pathogens not necessarily 1dentical to those which 1t remem-
bers, using the information from the model during the opti-
mization process should only have a supportive role. Thus,
stochastic optimization 1s based on determining the deviances
of the MV vector, accordingly with the schedule of probabil-
ity created on the basis of a mathematical model. Moreover,
the mathematical models may be evolved over time as new
and more recent lymphocytes are added to the memory 80 or
knowledge base. In particular, an offspring model may inherit
the features of a mother model, and thanks to the process of
mutation (possibility of changing the direction of optimiza-
tion), 1t 1s possible to create a new group of lymphocytes,
namely to create a similar offspring model, but notidentical to
the mother model. At the same time during the entire opera-
tion of the optimization algorithm, the process of removing,
ineffective lymphocytes and replacing them with a new gen-
eration 1s conducted, which 1s compliant with the earlier
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mentioned ability of immune systems to self-organize (e.g.,
so that the population can not grow endlessly). Thus, ineffec-
tive or rarely used lymphocytes may be periodically removed
from the memory 80. Generally speaking, however, the popu-
lation of lymphocytes becomes increased as a result of the
primary reaction (in which a large number of new lympho-
cytes 1s generally created during the learning process) and the
secondary reaction (1n which new lymphocytes are created as
a result of recombination of the stimulated group of lympho-
cytes).

[0077] Thus, the application of the theory of artificial
immune systems for plant optimization and control produces
a self-regulating system, which when applied to a combustion
based power plant, provides the principle advantages of (1)
lowering the costs of plant operation through the optimization
of the combustion process, with covert use of information on
non-measurable or rarely measurable disturbances (e.g., fuel
parameters, operative quality of carbon fuel milling, etc.), (2)
lowering the costs of operation of a power plant through the
reduction 1n time and labor of the highly qualified engineer-
ing staff, and (3) constant adaptation to new operational con-
ditions.

[0078] The operational capabilities of the system described
herein was verified by constructing a simulator of a power
boiler. In this simulated system, the following parameters
were used:

The MV group included:

[0079] degree of opening of dampers controlling the air
flow to the boiler (depending on the positioning of a damper
in a boiler, six damper types: A, B, C, D, E, F were used), and
[0080] oxygen content 1n flue gas.

The DV group consisted of:

[0081] boailer load, and

[0082] speed of coal feeders to each of the four mills.

The XV group consisted of:

[0083] coal calorific value, and

[0084] mulling quality for each of the four mills.

The CV group consisted of:

[0085] steam temperature on the leit side of the boiler,
[0086] steam temperature on the right side of the boiler,
[0087] CO content 1n flue gas on the left side of the boiler,
[0088] CO content in flue gas on the right side of the boiler,
[0089] NO, content 1n flue gas on the left side of the boiler,
[0090] NO, contentin flue gas on the right side of the boiler,
and

[0091] difference in oxygen content between the left and

right side of the boiler.
The objective of the system was to:

[0092] maintain steam temperature at 540 deg C.,(1004 deg
E.),
[0093] maintain a zero difference of oxygen content

between the left and right side of the boiler,

[0094] mimmize CO emission,

[0095] maintain NO, emission at a level which does not
exceed 500 ppm, and

[0096] minimize content of combustible parts 1n fly-ash
and slag.
[0097] The obtained practical results of this simulations

produced areduction of NO,_ emission 1n a large energy instal-
lation by 10-25% and improved the efliciency of the combus-
tion process by 0.1-1.0% which would lead to significant
economic savings.

[0098] While the advanced control and optimization sys-
tem has been 1llustrated herein as having an optimizer located
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within the same module or function block and therefore
executed 1n the same device as the controller, it 1s also pos-
sible to implement the optimizer 70 in a separate device. In
particular, the optimizer 70 may be located 1n a different
device, such as 1n one of the user workstations 13 and com-
municate with the controller as described 1n conjunction with
FIG. 2 during each execution or scan of the controller to
calculate and provide the target manipulated variables to the
controller. Of course, any desired interface, including a
known OPC interface, may be used to provide the communi-
cation interface between the controller and the optimizer
within the workstation or other computer that implements or
executes the optimizer. As 1n the embodiment described with
respect to FIG. 2, the optimizer 54 and the controller 50 may
but need not commumnicate with each other during each scan
cycle of the controller 50 to perform integrated optimized
control. In any case, any desired type of controller may be
used to perform control 1n response to the target MV signals.
[0099] While the advanced control block and other blocks
and routines described herein have been described herein as
being used in conjunction with Fieldbus and standard 4-20 ma
devices, they can, of course, be implemented using any other
process control communication protocol or programming
environment and may be used with any other types of devices,
function blocks or controllers. Although the advanced control
blocks and the associated generation and testing routines
described herein are preferably implemented in software,
they may be implemented in hardware, firmware, etc., and
may be executed by any other processor associated with a
process control system. Thus, the optimizer and controller
routines described herein may be implemented 1n a standard
multi-purpose CPU or on specifically designed hardware or
firmware such as, for example, ASICs, 11 so desired. When
implemented 1n software, the software may be stored 1n any
computer readable memory such as on a magnetic disk, a
laser disk, an optical disk, or other storage medium, ina RAM
or ROM of a computer or processor, etc. Likewise, this soit-
ware may be delivered to a user or to a process control system
via any known or desired delivery method including, for
example, on a computer readable disk or other transportable
computer storage mechanism or modulated over a communi-
cation channel such as a telephone line, the internet, etc.
(which 1s viewed as being the same as or interchangeable with
providing such software via a transportable storage medium).
[0100] Thus, while the present invention has been
described with reference to specific examples, which are
intended to be illustrative only and not to be limiting of the
invention, 1t will be apparent to those of ordinary skill 1n the
art that changes, additions or deletions may be made to the
disclosed embodiments without departing from the spirit and
scope of the invention.

What 1s claimed 1s:

1. A process control system for controlling a process, com-

prising:

a controller adapted to use a set of target control signal
values to produce one or more process control signals for
use 1n controlling one or more field devices within the
process; and

an optimizer communicatively coupled to the controller
and adapted to develop the set of target control signal
values, the optimizer including;;

a memory for storing a plurality of process control states,

an optimization unit commumcatively coupled to the
memory and adapted to use the stored plurality of pro-
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cess control states to develop a series of the target control
signal values for use by the controller during steady-
state operation of the process to drive the process
towards an optimal process operating condition,

a change detection unit responsive to one or more process
inputs to detect a change 1n a current process state con-
dition, and

a response unit that responds to a detected change 1n the
current process state condition by selecting one or more
of the stored plurality of process control states and using
the selected one or more of the stored plurality of process
control states to produce a new set of target control
signal values for use by the controller 1n responding to
the change 1n the current process state condition.

2. The process control system of claim 1, wherein each of
the process control states 1s defined by a set of process imnputs
and a set of process outputs that result from the set of process
inputs.

3. The process control system of claim 2, wherein the set of
process outputs for a particular process control state includes
indications of measured process variables that result from
application of the set of process mputs of the particular pro-
cess control state to the process.

4. The process control system of claim 3, wherein each
indication of a measured process variable for the particular
process control state 1s an indication of a steady state process
variable that results from application of the set of process
inputs of the particular process control state to the process.

5. The process control system of claim 2, wherein the set of
process mputs for a particular process control state mncludes
control inputs and disturbance 1nputs.

6. The process control system of claim 3, wherein the
disturbance nputs include disturbance inputs measured or
determined off-line from operation of the process.

7. The process control system of claim 1, wherein the
optimizer includes a model creation unit that creates one or
more models of the process from one or more of the stored
process control states.

8. The process control system of claim 1, wherein the
optimization unit includes an objective function and uses the
objective function to determine a comparative optimality of
two or more process control states to develop the set of target
control signals that drive the process towards an optimal
process operating condition.

9. The process control system of claim 8, wherein the
objective function 1s user-definable.

10. The process control system of claim 1, further includ-
Ing a process control state manager, which operates to control
the number of process control states stored in the memory.

11. The process control system of claim 10, wherein the
process control state manager 1s adapted to remove one or
more of the stored process control states based on the length
of time that the one or more of the process control states has
been stored 1n the memory.

12. The process control system of claim 10, wherein the
process control state manager 1s adapted to remove one or
more of the stored process control states based on an indica-
tion of the usage of the one or more of the process control
states by the optimization unit or the response unait.

13. The process control system of claim 1, wherein the set
of target control signals includes signals indicative of one or
more of the process control signals to be output by the con-
troller at some point 1n the future.
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14. The process control system of claim 1, wherein the
controller 1s a proportional-integral-derivative controller.

15. The process control system of claim 1, wherein the
controller implements a plurality of single loop control rou-
tines and wherein the set of target control signal values
includes a target control signal value for each of the single
loop control routines.

16. The process control system of claim 1, wherein con-
troller implements a multiple-input/multiple-output control
routine and wherein the set of target control signal values
includes a target control signal value for each of the mputs or
outputs of the multiple-input/multiple-output control routine.

17. The process control system of claim 1, wherein the
response unmit compares the detected changed process state
condition to at least some of the process control states stored
in the memory and selects the one or more of the stored
plurality of process control states based on the comparison.

18. The process control system of claim 1, wherein the
change detection unit detects a change 1n a disturbance vari-
able associated with the process to detect a change 1n the
current process state condition.

19. A method of controlling a process, comprising:

determining values for a set of process input and output
variables at multiple times during ongoing operation of
the process to determine a multiplicity of process control
states;

storing an indication of each of the multiplicity of process
control states; and

when the process 1s not experiencing a significant change
in one or more process disturbances, optimizing the
operation of the process by periodically providing new
control mmputs to the process, the new control inputs
configured to move the process to a more optimal pro-
cess control state; and

when the process experiences a significant change 1n one or
more process disturbances, determining a set of control
inputs to be provided to the process based on one or more
of the stored indications of the multiplicity of process
control states and controlling the process using the set of
control inputs to move the process towards a more opti-
mal process control state 1n response to the significant
change 1n the one or more process disturbances.

20. The method of claim 19, wherein determiming a set of
control inputs to be provided to the process based on one or
more of the stored indications of the multiplicity of process
control states includes comparing the process control state of
the process after the significant change in the one or more
process disturbances to the stored indications of the multi-
plicity of process control states and selecting the one or more
ol the stored indications of the multiplicity of process control
states based on the comparison.

21. The method of claim 20, wherein each of the indica-
tions of each of the multiplicity of process control states
includes a set of process inputs and a set of process outputs
that result from the set of process mputs being applied to the
pProcess.

22. The method of claim 21, wherein the set of process
outputs include indications of measured steady state process
variables that result from application of the set of process
inputs.

23. The method of claim 21, wherein the set of process
inputs includes at least one control 1nput and at least one
disturbance nput.
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24. The method of claim 21, wherein optimizing the opera-
tion of the process includes using the stored process control
states to predict a new process control state and analyzing the
optimality of the new process control state based on preset
optimization criteria.

25. The method of claim 24, wherein analyzing the opti-
mality of the new process control state base on preset optimi-
zation criteria includes using an objective function that
includes factors related to one or more of the process outputs
and to one or more of the process inputs to define the optimi-
zation criteria.

26. The method of claim 24, wherein optimizing the opera-
tion of the process includes developing a process model from
the stored process control states and predicting the new pro-
cess control state using the developed process model.

277. The method of claim 21, further including limiting the
number of indications of process control states stored in the
memory by removing one or more indications of process
control states from the memory.

28. The method of claim 27, wherein removing one or more
of the indications of the process control states from the
memory includes removing the one or more indications of the
process control states based on the length of time that the one
or more indications of the process control states have been
stored 1n the memory or based on an indication of the amount
of usage of the one or more of the process control states 1n
response to changes in the one or more process disturbances.

29. The method of claim 20, wherein each of the indica-
tions of each of the multiplicity of process control states
includes a set of process control mputs and a set of process
outputs that result from the set of process control inputs being
applied to the process and wherein determiming the set of
control inputs to be provided to the process based on one or
more of the stored indications of the multiplicity of process
control states includes determining the set of process control
inputs from the control inputs of the one or more of the stored
indications of the multiplicity of the process control states.

30. A method of optimizing the operation of a process,
comprising:

determiming a multiplicity of process control states during
ongoing operation of the process by determining values
for each of a set of process inputs and a set of process
outputs that result from the set of process mnputs being
applied to the process to thereby define a particular
process control state;

storing an indication of each of the multiplicity of process
control states 1n a memory; and

periodically determining a new set of process control
inputs to be used to control the process by predicting the
response of the process to a proposed set of process
control inputs based on at least one of the stored 1ndica-
tions of the process control states and analyzing the
optimality of the proposed set of process control inputs
using an optimality criteria that uses both the proposed
set of process control inputs and a set of predicted pro-
cess control outputs that result from the proposed set of
process control mputs.

31. The method of claim 30, wherein periodically deter-
mining a new set of process control mputs includes develop-
ing a process model from one or more of the stored 1ndica-
tions of the process control states and using the developed
process model to develop the predicted process control out-
puts from the proposed set of process control mputs.
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32. The method of claim 30, wherein periodically deter-
mimng a new set of process control mnputs includes develop-
ing a process model from one or more of the stored 1ndica-
tions of the process control states, selecting a desired set of
process control outputs as the set of predicted process control
outputs and using the developed process model and the
selected desired set of process control outputs to determine
the proposed set of process control inputs.

33. The method of claim 30, wherein determining the mul-
tiplicity of process control states during ongoing operation of
the process mcludes determining values for each of a set of
process control inputs and each of a set o process disturbance
inputs.

34. The method of claim 33, wherein periodically deter-
mimng the new set of process control mputs to be used to
control the process includes determining the at least one of the
stored process control states by analyzing the relative differ-
ence between the values of the disturbance inputs of a current
process control state and the disturbance inputs of the process
control states stored 1n the memory.

35. A method of controlling a process, comprising:

determining a multiplicity of process control states during,
ongoing operation of the process by determining values
for each of a set of process 1nputs and a set of process
outputs that result from the set of process mnputs being
applied to the process to thereby define a particular
process control state;

storing an indication of each of the multiplicity of process
control states 1n a memory;

monitoring the current state of the process to determine
when the process experiences a significant change; and

when the process experiences a significant change, deter-
mining a set of control mputs to be provided to the
process based on one or more of the stored indications of
the multiplicity of process control states and controlling
the process using the determined set of control inputs to
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move the process towards a more optimal process con-
trol state 1n response to the significant change.

36. The method of controlling a process of claim 35,
wherein monitoring the current state of the process includes
monitoring the set of process inputs provided to the process to
determine a significant change in one or more of the set of
process iputs provided to the process.

37. The method of controlling a process of claim 35,
wherein each of the set ol process imnputs includes one or more
disturbance inputs and wherein monitoring the current state
of the process includes monitoring the disturbance inputs
applied to the process to determine a significant change 1n one
or more of the disturbance 1nputs applied to the process.

38. The method of controlling a process of claim 35,
wherein determining the set of control inputs to be provided
to the process based on one or more of the stored indications
of the multiplicity of process control states includes compar-
ing the current state of the process to the indications of the
stored process control states and determining the one or more
ol the stored indications of the multiplicity of process control
states to use based on the comparison.

39. The method of controlling a process of claim 38,
wherein comparing the current state of the process to the
indications of the stored process control states includes com-
paring the process inputs of the current state of the process to
the process iputs of the stored indications of at least some of
the multiplicity of process control states.

40. The method of controlling a process of claim 38,
wherein each of the set of process inputs for each process
control state includes one or more process disturbance inputs
and wherein comparing the current state of the process to the
indications of the stored process control states includes com-
paring the process disturbance inputs of the current state of
the process to the process disturbance mputs of the stored
indications of at least some of the multiplicity of process
control states.
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